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(54) Low-inductance, high-efficiency induction machine

(57) An electric drive system includes an induction
machine (60) and a power converter (58) electrically cou-
pled to the induction machine (60) to drive the induction
machine (60). The power converter (58) comprising a
plurality of silicon carbide (SiC) switching devices

(72-82). The electric drive system further includes a con-
troller (114) that is electrically coupled to the power con-
verter (58) and that is programmed to transmit switching
signals to the plurality of SiC switching devices (72-82)
at a given switching frequency such that a peak-to-peak
current ripple is less than approximately five percent.
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Description

BACKGROUND OF THE INVENTION

[0001] Embodiments of the invention relate generally to induction motors having a low leakage inductance and, more
particularly, to a method and system for designing low-inductance, high-efficiency induction machines by providing power
converters that include silicon carbide metal-oxide-semiconductor field effect transistors (MOSFETs).
[0002] Induction machines are typically driven using a power converter with active silicon switching devices. The
switching devices are typically operated using a pulse-width modulation (PWM) technique to convert a DC supply power
to an AC power that can be used to drive the induction machine. In PWM, the switching devices are driven using a train
of DC pulses. When a voltage is suddenly applied from the power converter across an inductive load, the current through
the load rises almost linearly with time. When the voltage is then turned off, the current through the load does not
immediately fall to zero but decreases approximately linearly with time, as the inductor’s magnetic field collapses, and
the current flows in a freewheeling diode. Thus, the input voltage pulses applied across the load by the power converter
resembles a jagged current waveform. The variation in output current is typically known as the current ripple.
[0003] Current ripple is generally undesirable because it wastes energy in the inductor and may cause unwanted
pulsations in the load. Current ripple produces undesirable EMI and mechanical vibrations, and generates harmonic
losses in the motor. The harmonic current runs through the stator and rotor conductors and gives rise to harmonic copper
losses, and the harmonic flux confines itself to the surface of the cores and creates harmonic core losses in the stator
and rotor teeth. The higher the current ripple, the lower the quality of the current waveform of an induction machine.
[0004] Current ripple is primarily due to the harmonics contained in the PWM voltage waveform. For a given DC bus
voltage, the current ripple is mainly dependent on the switching frequency of the power converter and the transient or
leakage inductance of the machine. Equation 1 represents the machine current ripple factor as a ratio of the machine
peak fundamental phase current. 

Imax is the peak fundamental phase current (A), VDC is the DC bus voltage (V), TS is the switching period (s), and Lσ is
the machine transient inductance (H).
[0005] If the leakage inductance of a phase of the induction machine is proportionally large, the current ripple will
ordinary be low regardless of the switching frequency of the switching devices in the power converter. Thus, the higher
the leakage inductance of an induction machine, the more closely the output current waveform resembles an ideal
waveform. Accordingly, induction machines are typically designed to have a high enough leakage inductance to maintain
a low current ripple.
[0006] However, designing a machine to have a high leakage inductance has a number of drawbacks including a
reduced machine efficiency and a reduced machine flux-weakening capacity. Further, an increased leakage inductance
injects harmonics via line notching in the power system.
[0007] For a number of applications, the leakage inductance associated with a particular phase is proportionately low.
This low leakage inductance means that, for the same carrier frequency, the current ripple will be much higher. High
current ripples inject potentially unacceptable amounts of noise into the motor. If the current ripple is high enough, this
can cause the output to operate outside of its specified characteristics. In the case of an electric motor, for example,
increased current ripple results in decreased control over torque and speed of the motor. Where the current ripple is
high enough, the motor can fail altogether because it is not operating within its proper current range.
[0008] An extended flux-weakening capability is an important characteristic for an induction machine that is used, for
example in a traction application, where it is desirable to operate the drive and induction motor over a wide speed range
with a constant or near constant output power for speeds above the induction machine corner point. Operation at motor
speed below the corner point is often referred to as operation in the "constant torque" region, while operation above the
corner point of the induction machine is often referred to as operating in a "constant power" mode of operation. In general,
a low-leakage inductance induction machine design allows "constant power" mode operation over a range of speeds in
excess of 3 times the base speed of the induction machine.
[0009] It would therefore be desirable to design an induction machine that maintains a quality current waveform and
that operates with a low leakage inductance to increase machine efficiency and extend the machine’s flux-weakening
capability.
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BRIEF DESCRIPTION OF THE INVENTION

[0010] In accordance with one aspect of the invention, an electric drive system includes an induction machine and a
power converter electrically coupled to the induction machine to drive the induction machine. The power converter
comprising a plurality of silicon carbide (SiC) switching devices. The electric drive system further includes a controller
that is electrically coupled to the power converter and that is programmed to transmit switching signals to the plurality
of SiC switching devices at a given switching frequency such that a peak-to-peak current ripple is less than approximately
five percent.
[0011] In accordance with another aspect of the invention, a method of manufacturing an electric drive system includes
the steps of providing an induction machine having a given leakage inductance, and providing a SiC power converter
having a plurality of SiC switching devices, wherein the SiC power converter is coupleable a power source. The method
also includes the step of providing a controller that is programmed transmit switching signals to the plurality of SiC
switching devices at a rate that minimizes a current ripple capable of being generated due to the given leakage inductance
of the induction machine. Further, the method includes the step of coupling the SiC power converter to the induction
machine to drive the induction machine and to the controller.
[0012] In accordance with another aspect of the invention, a vehicle drive system includes a power converter electrically
coupled to an induction motor to drive the induction motor. The power converter includes a plurality of SiC switching
devices, and the induction motor is designed to have a given leakage inductance. The vehicle drive system further
includes a controller programmed to send switching signals to the plurality of SiC switching devices to cause the SiC
switching devices to switch at a rate that minimizes current ripple generated due to the given leakage inductance of the
induction motor.
[0013] Various other features and advantages will be made apparent from the following detailed description and the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The drawings illustrate embodiments presently contemplated for carrying out the invention.
[0015] In the drawings:
[0016] FIG. 1 illustrates a conventional induction machine drive system.
[0017] FIG. 2 illustrates a low-inductance, high-efficiency induction machine drive system, according to an embodiment
of the invention.

DETAILED DESCRIPTION

[0018] FIG. 1 illustrates a conventional three-phase induction machine drive system 10. System 10 includes a DC link
12 that provides a DC input voltage that is converted or inverted to an AC waveform that powers an AC induction machine
14. An input filter capacitor 16 is coupled across the DC link 12 for filtering the voltage VDC on the DC link 12. A power
converter 18 receives the input voltage from DC link 12 when power flows from the DC link 12 to the AC induction
machine 14. This direction of power flow is often referred to operating in a "motoring" mode. When the direction of power
flow is from the induction machine 14 to the power converter 18, the input voltage to the power converter 18 is AC from
the induction machine 14, while the output from the power converter 18 is a DC voltage on the DC link 12. Operation
with power flow from the AC induction machine 14 to the power converter 18 is often referred to operation in a regenerative
braking mode that is useful, for example, in a vehicle where it is desirable to hold a given value of speed on a downhill
grade, or while decelerating the vehicle.
[0019] Power converter 18 is a typical 3-phase inverter having two series-connected switching devices per phase leg.
For example, devices 20 and 22 form a first phase leg, devices 24 and 26 form a second phase leg, and devices 28 and
30 form a third phase leg. Devices 20-30 are conventional silicon semiconductor switching devices such as, for example,
silicon IGBT, MOSFET, silicon bi-polar Darlington power transistor, GTO, SCR, or IGCT type devices that have a
switching frequency of no more than 15-20 kHz depending on the power rating of induction machine 14. Diodes 32, 34,
36, 38, 40, 42 are coupled in anti-parallel relationship across respective silicon switching devices 20-30.
[0020] FIG. 2 illustrates an induction machine drive system 44 in accordance with an embodiment of the invention.
Drive system 44 includes a DC link 46 having a DC source voltage VS 48. Drive system 44 also includes a power source
50 that provides DC source voltage VS 48. In one embodiment, power source 50 includes an AC source 54 and a rectifier
52 configured to convert a voltage of AC source 54 to the DC link or source voltage VS. In another embodiment, power
source 50 includes a DC power source 54, such as a battery, a fuel cell, or a flywheel with an associated power electronic
converter. In yet another embodiment, power source 50 includes a DC power source 54, such as a battery, a fuel cell,
an ultracapacitor, or a flywheel with associated power electronic control coupled to a bi-directional DC-to-DC voltage
converter 52 that boosts the source voltage to the DC link or source voltage Vs. DC link 46 supplies a DC output voltage
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VDC 56 to a power converter or inverter 58, which drives an induction machine 60. An input filter capacitor 62 is illustrated
between a positive DC rail 64 and a negative DC rail 66 and serves to provide a filter function for the high frequency
currents from power source 50 to ensure the power quality between positive and negative rails 64, 66.
[0021] Induction machine 60 includes a stator 68 and rotor assembly 70. According to various embodiments of the
invention, induction machine 60 may be an asynchronous machine having a squirrel-cage rotor or slip-ring rotor, as
examples, each of which may operate as a motor or generator.
[0022] Power converter 58 receives DC output voltage VDC 56 from DC link 46 and converts the DC output voltage
to provide a suitable form of AC power for driving induction machine induction machine 60. According to one embodiment,
power converter 58 is a three-phase DC to AC inverter having a plurality of switching devices 72, 74, 76, 78, 80, 82.
Each switching device 72-82 includes a silicon carbide (SiC) MOSFET 84, 86, 88, 90, 92, 94 and an associated anti-
parallel diode 96, 98, 100, 102, 104, 106. According to one embodiment, SiC MOSFETs 84-94 are SiC MOSFETs
manufactured by General Electric Company having a switching frequency in excess of 50 kHz.
[0023] SiC is a crystalline substance that has material properties that make it an attractive alternative to silicon for
high voltage, and high power applications. For example, SiC has a large bandgap that provides a very low leakage
current, which facilitates elevated temperature operation. In fact, semiconductor devices manufactured on a SiC substrate
can withstand temperatures in excess of 200 degrees C. SiC also has a high breakdown field that is about ten times
that of silicon and a thermal conductivity that is about three times that of silicon, allowing higher power densities to be
accommodated with SiC circuits. Further, SiC’s high electron mobility enables highspeed switching, with some SiC
circuits capable of achieving at least ten times switching performance gains over comparable silicon switching devices.
Thus, SiC has been considered as an advantageous material for use in the manufacture of next generation power
semiconductor devices. Such SiC devices include, for example, Schottky diodes, thyristors, and MOSFETs. Because
SiC MOSFETs can be manufactured to be smaller than conventional silicon MOSFETs, SiC MOSFETs can be packaged
in an automotive environment and can be operated at higher temperatures.
[0024] Moving from left to right in FIG. 2, switching devices 72, 74 are associated with a first output phase 108,
switching devices 76, 78 are associated with a second output phase 110, and switching devices 80, 82 are associated
with a third output phase 112. While a three-phase power converter and a three-phase induction machine illustrated in
FIG. 2, one skilled in the art will understand that embodiments of the present invention are equally applicable to a single-
phase or other multi-phase embodiments. For example, alternate embodiments include configurations with varying
number of phases, e.g., n-phase, where n = 1, 2, 4, 5, 6, 7, 8, 9 or higher number, where each phase of the power
converter includes a plurality of switching devices similar to devices 84, 86, each with associated anti-parallel diodes
similar to diodes 96, 98. One skilled in the art will recognize that, in such alternate embodiments, induction machine 60
will include a number of phase windings that matches the number of phases of the power converter 58. As an example,
one alternative embodiment may include a 5-phase power converter coupled to an induction machine having 5 phase
windings.
[0025] A controller 114 coupled to SiC MOSFETs 84-94 via respective lines 116 is configured to independently control
switching of SiC MOSFETs 84-94. In one embodiment, controller 114 is a PWM controller and is programmed to generate
a PWM signal for controlling SiC MOSFETs 84-94. One skilled in the art will recognize that alternative control techniques
are equally applicable to embodiments of the invention.
[0026] The high switching frequency of SiC MOSFETs 84-94 allows induction machine 60 to be designed with a low
leakage inductance without having to worry about the negative effect of current ripple on the quality of the current
waveform. That is, induction machine 60 can have a low leakage inductance while maintaining a good quality waveform.
In one embodiment, peak-to-peak current ripple is less than approximately 5%. By decreasing the leakage inductance
of induction machine 60, voltage to induction machine 60 increases, thereby significantly increasing the efficiency of
induction machine 60. Further, decreasing the leakage inductance of induction machine 60 extends its flux-weakening
capability, therefore allowing an extension of the speed range where the drive system 44 can be operated in a "constant
power" mode of operation. Constant power speed range is often referred to as a ratio of the maximum speed for operation
in "constant power" versus the base speed of an induction machine where the torque can be held at a maximum or a
constant value.
[0027] Therefore, according to one embodiment of the invention, an electric drive system includes an induction machine
and a power converter electrically coupled to the induction machine to drive the induction machine. The power converter
comprising a plurality of silicon carbide (SiC) switching devices. The electric drive system further includes a controller
that is electrically coupled to the power converter and that is programmed to transmit switching signals to the plurality
of SiC switching devices at a given switching frequency such that a peak-to-peak current ripple is less than approximately
five percent.
[0028] According to another embodiment of the invention, a method of manufacturing an electric drive system includes
the steps of providing an induction machine having a given leakage inductance, and providing a SiC power converter
having a plurality of SiC switching devices, wherein the SiC power converter is coupleable a power source. The method
also includes the step of providing a controller that is programmed transmit switching signals to the plurality of SiC
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switching devices at a rate that minimizes a current ripple capable of being generated due to the given leakage inductance
of the induction machine. Further, the method includes the step of coupling the SiC power converter to the induction
machine to drive the induction machine and to the controller.
[0029] According to yet another embodiment of the invention, a vehicle drive system includes a power converter
electrically coupled to an induction motor to drive the induction motor. The power converter includes a plurality of SiC
switching devices, and the induction motor is designed to have a given leakage inductance. The vehicle drive system
further includes a controller programmed to send switching signals to the plurality of SiC switching devices to cause the
SiC switching devices to switch at a rate that minimizes current ripple generated due to the given leakage inductance
of the induction motor.
[0030] This written description uses examples to disclose the invention, including the best mode, and also to enable
any person skilled in the art to practice the invention, including making and using any devices or systems and performing
any incorporated methods. The patentable scope of the invention is defined by the claims, and may include other
examples that occur to those skilled in the art. Such other examples are intended to be within the scope of the claims if
they have structural elements that do not differ from the literal language of the claims, or if they include equivalent
structural elements with insubstantial differences from the literal languages of the claims.
[0031] Various aspects and embodiments of the present invention are defined by the following numbered clauses:

1. An electric drive system comprising:

an induction machine;
a power converter electrically coupled to the induction machine to drive the induction machine, the power
converter comprising a plurality of silicon carbide (SiC) switching devices; and
a controller electrically coupled to the power converter and programmed to transmit switching signals to the
plurality of SiC switching devices at a given switching frequency such that a peak-to-peak current ripple is less
than approximately five percent.

2. The electric drive system of clause 1, wherein the plurality of SiC switching devices comprise a plurality of SiC
metal-oxide-semiconductor field effect transistors (MOSFETs).

3. The electric drive system of clause 1 or clause 2, wherein the plurality of SiC switching devices are capable of
switching at a frequency of at least 50 kHz.

4. The electric drive system of any preceding clause, wherein the power converter further comprises a plurality of
diodes connected in an anti-parallel arrangement with the plurality of SiC MOSFETs.

5. The electric drive system of any preceding clause, wherein the power converter is a multi-phase power converter
comprising N phases, where N is one of 2, 3, 4, 5, 6, 7, 8, and 9; and
wherein the induction machine comprises N phase windings.

6. The electric drive system of any preceding clause, wherein the power converter is a single-phase power converter.

7. The electric drive system of any preceding clause, wherein the controller is a pulse-width modulated (PWM)
controller programmed to generate a PWM signal for controlling the plurality of SiC switching devices.

8. A method of manufacturing an electric drive system comprising the steps of:

providing an induction machine having a given leakage inductance;
providing a silicon carbide (SiC) power converter having a plurality of SiC switching devices, wherein the SiC
power converter is coupleable a power source;
providing a controller, wherein the controller is programmed transmit switching signals to the plurality of SiC
switching devices at a rate that minimizes a current ripple capable of being generated due to the given leakage
inductance of the induction machine; and
coupling the SiC power converter to the induction machine to drive the induction machine and to the controller.

9. The method of any preceding clause, wherein providing the SiC power converter comprises providing a SiC power
converter having a plurality of metal-oxide-semiconductor field effect transistors (MOSFETs).

10. The method of any preceding clause, wherein providing the controller comprises providing a controller pro-
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grammed to cause the plurality of SiC switching devices to switch at a rate of at least 50 kHz.

11. The method of any preceding clause, wherein the providing the controller comprises providing a pulse-width
modulated (PWM) controller programmed to generate a PWM signal for controlling the plurality of SiC switching
devices.

12. The method of any preceding clause, wherein providing the SiC power converter comprises providing a power
converter having one of 1, 2, 3, 4, 5, 6, 7, 8, and 9 phases.

13. The method of any preceding clause, wherein providing the SiC power converter comprises providing a three-
phase power converter.

14. The method of any preceding clause, wherein providing the induction machine comprises providing an induction
machine having one of 3, 5, 7, and 9 phase windings.

15. A vehicle drive system comprising:

a power converter electrically coupled to an induction motor to drive the induction motor, wherein the power
converter comprises a plurality of silicon carbide (SiC) switching devices, and wherein the induction motor is
designed to have a given leakage inductance; and
a controller programmed to send switching signals to the plurality of SiC switching devices to cause the SiC
switching devices to switch at a rate that minimizes current ripple generated due to the given leakage inductance
of the induction motor.

16. The vehicle drive system of any preceding clause, wherein the plurality of SiC switching devices comprise a
plurality of SiC metal-oxide-semiconductor field effect transistors (MOSFETs).

17. The vehicle drive system of any preceding clause, wherein the plurality of SiC switching devices are capable of
operating at a switching frequency of at least 50 kHz.

18. The vehicle drive system of any preceding clause, wherein the controller is a pulse-width modulated (PWM)
controller programmed to generate a PWM signal for controlling the plurality of SiC switching devices.

19. The vehicle drive system of any preceding clause, further comprising a voltage source coupled to a DC link and
configured to provide a source voltage to the DC link.

20. The vehicle drive system of any preceding clause, wherein the voltage source comprises a DC source comprising
at least one of a battery, an ultracapacitor, and a flywheel.

21. The vehicle drive system of any preceding clause, wherein the voltage source comprises a DC source and a
bi-directional DC-to-DC voltage converter configured to boost a voltage of the DC source to a DC link voltage.

22. The vehicle drive system of any preceding clause, the DC source comprises at least one of a battery, an
ultracapacitor, and a flywheel.

23. The vehicle drive system of any preceding clause, wherein the voltage source comprises an AC source and a
rectifier configured to convert a voltage of the AC source to a DC link voltage.

Claims

1. An electric drive system comprising:

an induction machine (60);
a power converter (58) electrically coupled to the induction machine (60) to drive the induction machine (60),
the power converter (58) comprising a plurality of silicon carbide (SiC) switching devices (72-82); and
a controller (114) electrically coupled to the power converter (58) and programmed to transmit switching signals
to the plurality of SiC switching devices (72-82) at a given switching frequency such that a peak-to-peak current
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ripple is less than approximately five percent.

2. The electric drive system of claim 1, wherein the plurality of SiC switching devices (72-82) comprise a plurality of
SiC metal-oxide-semiconductor field effect transistors (MOSFETs) (84-94).

3. The electric drive system of claim 1 or claim 2, wherein the plurality of SiC switching devices (72-82) are capable
of switching at a frequency of at least 50 kHz.

4. The electric drive system of any preceding claim, wherein the power converter (58) further comprises a plurality of
diodes (96-106) connected in an anti-parallel arrangement with the plurality of SiC MOSFETs (84-94).

5. The electric drive system of any preceding claim, wherein the power converter (58) is a three-phase power converter.

6. The electric drive system of any preceding claim, wherein the power converter (58) is a multi-phase power converter
comprising N phases, where N is one of 2, 3, 4, 5, 6, 7, 8, and 9.

7. The electric drive system of any preceding claim, wherein the induction machine (60) comprises N phase windings.

8. The electric drive system of any preceding claim, wherein the power converter (58) is a single-phase power converter.

9. The electric drive system of any preceding claim, wherein the controller (114) is a pulse-width modulated (PWM)
controller programmed to generate a PWM signal for controlling the plurality of SiC switching devices (72-82).

10. The electric drive system of any preceding claim, further comprising a voltage source (50) comprising at least one
of a battery, an ultracapacitor, and a flywheel.

11. A method of manufacturing an electric drive system comprising the steps of:

providing an induction machine having a given leakage inductance;
providing a silicon carbide (SiC) power converter having a plurality of SiC switching devices, wherein the SiC
power converter is coupleable a power source;
providing a controller, wherein the controller is programmed transmit switching signals to the plurality of SiC
switching devices at a rate that minimizes a current ripple capable of being generated due to the given leakage
inductance of the induction machine; and
coupling the SiC power converter to the induction machine to drive the induction machine and to the controller.

12. The method of claim 11, wherein providing the SiC power converter comprises providing a SiC power converter
having a plurality of metal-oxide-semiconductor field effect transistors (MOSFETs).

13. The method of any claim 11 or claim 12, wherein providing the controller comprises providing a controller programmed
to cause the plurality of SiC switching devices to switch at a rate of at least 50 kHz.

14. The method of any of claims 11 to 13, wherein the providing the controller comprises providing a pulse-width
modulated (PWM) controller programmed to generate a PWM signal for controlling the plurality of SiC switching
devices.

15. The method of any of claims 11 to 14, wherein providing the SiC power converter comprises providing a power
converter having one of 1, 2, 3, 4, 5, 6, 7, 8, and 9 phases.
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